The dorso-ventral axis in zebra®sh ®rst becomes apparent at gastrulation, when the future ventral side appears thinner than the dorsal side. The exact time of establishment of the dorso-ventral axis is not known. We show here that the dorso-ventral axis is speci®ed as early as the 32 cell stage. Using lithium as a marker for dorso-ventral asymmetry, we show that lithium-sensitivity is a characteristic of future ventral cell, but not future dorsal cells, and that there is an asymmetric lithium-sensitivity along the long axis of the 32 cell stage embryo. Consequently, the dorso-ventral axis corresponds to the long axis of the embryo. Because the effect of lithium treatment is short-lived, the dorso-ventral axis must be speci®ed in zebra®sh already at the 32 cell stage. q
Introduction
The ®rst and fundamental step in development is the establishment of initial asymmetry in the egg, which sets up the main body axes. However, with the exception of Xenopus, the mechanism involved in setting up the dorsoventral axis in vertebrates is poorly understood. The zebra®sh offers perhaps the best possibility for an integrated understanding of all aspects of the mechanism of vertebrate axis speci®cation, by bringing to bear all embryological, genetic and molecular tools available. We are interested in the mechanism of dorso-ventral axis formation in the zebra®sh embryo, where very little is known about the time of speci®cation, and no functional assay for the study of this event is yet available.
In Xenopus, where axis speci®cation has been extensively studied, the dorso-ventral axis is set up by the cortical rotation shortly after fertilisation. The cortical rotation causes the relocalisation and activation of a maternal dorsal determinant, which establishes the Nieuwkoop centre (see Elinson and Holowacz, 1995, for review) . The molecular identity of this dorsal determinant is unknown, but the Wnt signalling pathway (or at least downstream components of this pathway) has emerged as a strong candidate (see Moon and Kimelman, 1998 , for review). The orientation of the dorso-ventral axis is determined by the direction of the cortical rotation. The rotation of the pigmented vegetal cortex in relation to the subcytoplasmic cortex results in the grey crescent. Xenopus embryos thus have a morphological marker for dorso-ventral asymmetry early in development.
In contrast to Xenopus, teleost embryos do not undergo any cortical rotation (Driever, 1995) , and there are no morphological markers analogous to the grey crescent in the cleavage stage zebra®sh embryo. There is increasing evidence for a localised dorsal determinant in the teleost yolk, which is transported to the blastomeres by a network of cortical microtubules (Tung et al., 1945; Jesuthasan and Stra Èhle, 1996; Mizuno et al., 1999) , perhaps analogous to what happens in Xenopus. However, these studies show no evidence of any predictability of the orientation of the dorso-ventral axis. The dorso-ventral axis in zebra®sh ®rst becomes apparent at 5 h post-fertilisation, just prior to the formation of the embryonic shield (the zebra®sh equivalent of the amphibian organiser), when the ventral blastoderm appears thinner than on the dorsal side (Schmitz and Campos-Ortega, 1994 ).
An early correlate of zebra®sh dorso-ventral axis orientation was suggested by a fate map study of the 8±16 cell stage embryo (Strehlow and Gilbert, 1993) . Using a high molecular weight¯uorescent dye to trace the fate of the early cleavage stage blastomeres, and measuring the cleavage plane in the 24 h embryo by the intersection of labelled and unlabelled cells at this stage, the authors proposed that the ®rst cleavage plane divides the embryo into one dorsal and one ventral half, and thus that the orientation of the dorsoventral axis coincides with the second (and orthogonal) cleavage plane (Strehlow and Gilbert, 1993) . However, these experiments did not provide a polarity marker for the dorso-ventral axis to demonstrate an asymmetry in the early embryo.
In addition, more recent studies have questioned such a correlation between the dorso-ventral axis and the second cleavage plane (Abdelilah et al., 1994; Helde et al., 1994) . These studies compared the orientation of the dorso-ventral axis at 50% epiboly to the orientation of the second cleavage plane, marked by injection of lineage tracer dye into two neighbouring or opposite end blastomeres at the 8-cell stage. Both these studies show that the orientation of the dorso-ventral axis is apparently random with respect to the second cleavage plane (Abdelilah et al., 1994; Helde et al., 1994) .
Although there are morphological differences between Xenopus and zebra®sh development, on a molecular level axis speci®cation mechanisms appear to be conserved. bCatenin, the downstream component of the Wnt signalling pathway that has been implicated in Xenopus dorso-ventral axis speci®cation, has also been implicated in dorso-ventral axis speci®cation in zebra®sh (Kelly et al., 1995) , and the nuclear localisation of b-catenin on the future dorsal side in high stage embryos is the ®rst detectable molecular dorsoventral asymmetry in zebra®sh embryos (Schneider et al., 1996) . Moreover, lithium treatment of cleavage stage Xenopus and zebra®sh embryos has the same effect, in that embryos show hyperdorsal development at the cost of more ventral structures (Kao et al., 1986; Stachel et al., 1993) . These results suggest the possibility that the dorsoventral axis in zebra®sh is already sensitive to perturbation at the cleavage stage, in spite of the absence of molecular or morphological markers at this point in development. However, the period of lithium sensitivity in zebra®sh embryos extends until the mid-blastula transition (Stachel et al. 1993) , thus the time of axis speci®cation in zebra®sh is still unclear.
Injection of lithium into ventral blastomeres at the 16-to 32-cell stage Xenopus embryo dorsalises the embryos, whereas injection into dorsal blastomeres has no effect on dorso-ventral axis formation (Kao et al., 1986) . Lithium has been shown to inhibit inositol monophosphate phosphatase, an enzyme involved in the phosphoinositide pathway (Hallcher and Sherman, 1980) , and also glycogen synthase kinase (GSK) -3b , the target of Wnt signalling (Klein and Melton, 1996; Stambolic et al., 1996) . Both these pathways have been implicated in dorso-ventral axis speci®cation in Xenopus (Busa and Gimlich, 1989; Ault et al., 1996; Kume et al., 1997; Moon and Kimelman, 1998) .
We were interested in the possibility, suggested by lithium treatment of cleavage stage zebra®sh embryos, that a predictable molecular asymmetry sensitive to lithium might already be present at the cleavage stage. We have injected single cells of the 32-cell stage zebra®sh embryo with lithium, and ®nd that sensitivity to lithium is localised to one half of the embryo along the long axis, and that the orientation of the dorso-ventral axis is therefore predictable with respect to the shape of the embryo at the cleavage stage. Using fate mapping techniques we show that lithium sensitivity is correlated with subsequent ventral cell fate. We also show that the action of lithium is short-lived, and conclude that there is a predictable molecular asymmetry in the cleavage stage embryo. The ®ndings from this study provide a functional assay for the further study of axis speci®cation in the cleavage stage zebra®sh embryo, since one end of the embryo can now be distinguished from the other.
Results

Single cell injection of lithium mimics global lithium treatment
In both zebra®sh and Xenopus global lithium treatment of 32-cell stage embryos dorsalises the embryos (Kao and Elinson, 1989; Stachel et al., 1993) . In Xenopus, injection of lithium into a single ventral-most cell is enough to mimic the effect of global lithium treatment (Kao et al., 1986) . To see if injection of lithium into a single cell in zebra®sh could similarly mimic the effect of externally applied lithium, we have injected two single cells, one central cell and one marginal cell of the 32-cell stage zebra®sh embryo with LiCl. Embryos were then ®xed at 50% epiboly, and in situ hybridisation for gsc performed.
Fig . 1A ,B shows the pattern of gsc staining at 50% epiboly. In non-injected embryos, gsc staining is localised to a subset of cells within the embryonic shield. In embryos injected with lithium, gsc staining is no longer localised (see Fig.  1B ). Instead, staining extends outside the embryonic shield, and in most embryos cells throughout the germ ring have been recruited to express gsc (see also Stachel et al., 1993) . Fig. 1C shows a concentration-effect curve for the marginal cell injected, with a map of the 32-cell stage zebra®sh embryo and the injected cell marked in black. Whereas lithium concentrations up to and including 25 mM have little or no effect, 50 mM LiCl dorsalises 33^3% (mean^SEM, n 3) of the injected embryos, whilst injection of 100 mM LiCl dorsalises 44^4% (mean^SEM). Fig 1D shows a concentration-effect curve for the non-marginal cell injected. Injection of this cell to 25 mM LiCl dorsalises 45^6% (mean^SEM) of the embryos, and this percentage does not increase signi®cantly, even with lithium concentrations up to 100 mM. Thus the marginal cell seems to be less sensitive to lithium than the non-marginal cell. Interestingly the dorsalising effect of injection of both marginal and nonmarginal cells appears to plateau at 50%.
Double injections on the long axis result in 100% dorsalisation
The fact that only half the embryos dorsalise when a single blastomere is injected with lithium suggests that only one half of the embryo may be sensitive to lithium. Because there are no morphological markers to distinguish one half of the cleavage stage zebra®sh embryo from the other, random presentation of the embryo to the injecting pipette is unavoidable. If, for example only one half of the embryo along the long axis were sensitive to lithium, it would be predicted that only half the embryos presented to the lithium pipette would dorsalise. This hypothesis also predicts that injecting both halves of an embryo should cause all embryos to dorsalise.
To determine whether sensitivity to lithium is localised to one half of the embryo, we injected lithium to a ®nal concentration of 25 mM into the non-marginal cell identi®ed above (see Fig. 1B ) and its counterpart in the other half (along the long axis) of the same embryo (Fig. 2) . When both halves of the embryos are injected with lithium, 93^7% (mean^SEM, n 5) of the embryos are dorsalised, compared to 45^6% (mean^SEM, n 6) in controls, where only one half was injected. The ®ndings from the concentration-effect experiments above (Fig. 1C,D) argue against this being a consequence of a general increase in intracellular lithium concentration within the embryo. Consequently, the results presented here strongly support the hypothesis that there is an asymmetry in lithium sensitivity in the cleavage stage embryo along the long axis. 
Double injections on the short axis result in 50% dorsalisation
As a further control to eliminate a lithium dose effect in double injections, we microinjected two cells on the short axis of the embryo with high lithium concentrations (see Fig. 4A ). Lithium injected to a ®nal concentration of 100 mM into the two marginal blastomeres across the short axis of the embryo led to 10 of 24 (42%, in four experiments) of the embryos dorsalising, comparable to the percentage dorsalised by injection of a single marginal cell with 100 mM lithium, see Fig. 1C . This result not only con®rms that double injections at concentrations that we determined were saturating in single blastomeres do not lead to further dose effects in double injection experiments, but also demonstrates that the asymmetry in lithium sensitivity is manifest only along the long axis of the embryo, and is absent across the short axis.
Comparison of lithium sensitivity in an embryonic quadrant
In a series of experiments, all eight cells in a quadrant of the 32-cell stage embryo were microinjected with lithium to a ®nal concentration of 25 mM, and the dorsalising effect scored using the pattern of gsc expression as above. The results are shown in Fig. 3 . Lithium had its greatest effects in the two central non-marginal cells, and was less effective in all marginal cells tested. Marginal cells may appear less sensitive to lithium simply because these blastomeres are linked by cytoplasmic bridges to the yolk mass, through which the microinjected lithium may diffuse away. In addition, lithium may also diffuse through cytoplasmic bridges to neighbouring cells. As non-marginal cells have eight neighbours, while marginal cells have either two or four, a greater number of blastomeres is potentially exposed to the injected lithium as it diffuses from non-marginal cells. A shows an embryo with¯uorescent labelling mainly in the dorsal half, whereas (C) shows¯uorescent labelling mainly in the ventral half. (D) shows the 50% epiboly stage embryo divided into six equal sectors. Each sector has been given a value so that the ventral half has a negative value and the dorsal half has a positive value. Embryos injected with¯uorescein dextran alone (controls) or with¯uorescein dextran and lithium (lithium-injected) were scored as detailed in the text. (E) shows the mean score of the two groups of embryos. Values are mean scores, n 3 for control embryos, n 4 for lithium-injected embryos. Error bars show the standard error of the mean (SEM). Scale bar 700 mm. community effect (Gurdon et al., 1993) of this sort is consistent with the data of Fig. 3 : note for example that injection into the corner cell 2 with two neighbours is less effective than injection into the adjacent marginal cells 1 and 4, each of which has four neighbours, while injection into the nonmarginal cells 3 and 5 with eight neighbours is most effective. Note also, though, that a gradient of sensitivity is present along the long axis of the embryo. Non-marginal cell 7 is as insensitive to lithium as corner cell 2.
Sensitivity to lithium correlates with a later cell fate
The asymmetric response of cells to lithium in zebra®sh has a direct analogy to Xenopus. In Xenopus, only the cells on the ventral side are sensitive to lithium, and injection of lithium into dorsal cells has no effect (Kao et al., 1986) . To see whether lithium-sensitivity in zebra®sh is similarly correlated to a later cell fate, we injected two marginal cells with the lineage tracer dye¯uorescein dextran (M r 2 000 000) alone, or together with LiCl to a ®nal concentration of 100 mM. The cells injected are indicated in Fig.  4A . The high concentration of lithium was used to ensure that the maximal percentage of embryos would be dorsalised. This is important because any injection of the lithiumsensitive half that does not result in the dorsalised phenotype will obscure a potential relationship between lithium sensitivity and cell fate.
After injection, embryos were incubated until 50% epiboly, when the position of the descendants of the injected cells could be determined in relation to the dorso-ventral axis. The descendants of the cells injected with¯uorescein dextran alone were found to occupy from 908 to 1808 of the germ-ring, with an equal likelihood of occurrence in dorsal and the ventral halves. Fig. 4B ,C shows typical labelling patterns found in embryos injected in this way with¯uor-escein dextran alone.
If lithium sensitivity is correlated with a ventral fate of the injected blastomeres, it would be predicted that lithium would be ineffective in embryos when injected into blastomeres with a dorsal fate. The prediction is that embryos that are normal after lithium/¯uorescein dextran coinjection will show dorsal localisation of the dye marker. No prediction can be made for localisation in ventrally-injected embryos, as these will be dorsalised.
Embryos that were co-injected with lithium and¯uores-cein dextran were ®xed at 50% epiboly, and in situ hybridisation for gsc performed, to determine whether the dorsoventral axis had formed as normal. Embryos that showed the typical dorsalised phenotype (radialised shields and gsc expression) could not be scored for dorso-ventral position of labelled cells, as it is impossible to determine the orientation of the dorso-ventral axis in these dorsalised embryos. However, as predicted, embryos that had been co-injected with lithium and¯uorescein dextran and developed with normal dorso-ventral axes and gsc expression were found to be labelled mainly in the dorsal half.
In these experiments, 14 lithium-injected embryos showed no evidence of dorsalisation, as judged by formation of the embryonic shield and localised gsc expression. Of these embryos, 12 clearly showed¯uorescent staining in the dorsal-most sector. The two remaining embryos showed staining in the ventral-most sector, one showing¯uorescent dextran distributed over four sectors, with staining in both dorsal-and ventral-most sectors. We determined above that the probability that a lithium-injected embryo will develop normally is 0.5 and that the probability that marker-injected embryos will show dorsal localisation of marker is 0.5. The exact binomial probability that 12 out of 14 lithium-injected embryos should by chance develop normally and show dorsal localisation of the injected marker is 0.0055. We can therefore reject this hypothesis, and conclude that presumptive dorsal cells are insensitive to lithium. The occurrence of ventral staining in two embryos is thus more likely to be due to the failure of lithium injection to induce dorsalisation in these two cases for experimental reasons, than to be due to a lithium-insensitivity in a cell that assumes a ventral fate.
This result strongly suggests that lithium causes dorsoventral axis defects by inhibiting normal ventral signalling, as it is only by injection of lithium into prospective ventral cells that embryos develop the dorsalised phenotype, whereas injection into prospective dorsal cells has no effect on dorso-ventral axis speci®cation.
Distribution of the¯uorescent marker in control and lithium-injected blastomeres
To characterise the patterns of¯uorescent labelling further, we devised a scoring system. The embryo was divided into six equal sectors (see Fig. 4D ). Each sector was given a value, so that the ventral three sectors have negative values, and the dorsal three sectors have positive values. We found that¯uorescent labelling in most cases fell within a 1808 sector of the germ-ring. Thus, if each embryo is given a score representing the sectors occupied by thē uorescent descendants of the injected cells, the sum of the scores will indicate whether the position of the¯uores-cent cells in the embryo is random with respect the dorsoventral axis or not. For example, in an experiment with random distribution of the¯uorescent cells, negative scores should cancel out positive scores, and the total score should be 0. Any score that signi®cantly deviates from this would indicate a bias of the labelled cells towards the dorsal half (positive score) or the ventral half (negative score).
This method was applied to the two groups of embryos described above. Fig. 4E shows the mean total score of embryos injected with¯uorescein dextran alone, and that of the embryos that were co-injected with lithium and¯uor-escein dextran but showed no dorsalisation. Fluorescein dextran injected embryos show a mean score of 0:110 :11 (mean^SEM, n 3), whereas embryos co-injected with¯uorescein dextran and lithium were found to have a mean score of 1:81^0:28 (mean^SEM, n 4). There is a signi®cant difference between these scores (unpaired Student's t-test, P , 0:003), con®rming the hypothesis that lithium is an effective dorsalising agent only when it is injected ventrally.
The mean of the modulus of the scores in the control embryos is 2:8^0:09. This value implies some migration of labelled cells across the dorsal half/ventral half boundary: 4 would be the expected mean modulus if no migration across this boundary occurs. In these experiments 59% (10/17) of embryos showed some migration of label across the boundary, with 2/17 embryos showing labelled cells in both the dorsal-and ventral-most sectors. These results are in accordance with the results from previous lineage tracing studies, which found no precise invariant relationship between the dorso-ventral midline and the early cleavage planes (Kimmel and Law, 1985; Kimmel and Warga, 1987; Abdelilah et al., 1994; Helde et al., 1994) .
The action of lithium is short-lived
The results presented above indicate that there is a molecular dorso-ventral asymmetry along the long axis of the cleavage stage zebra®sh embryo. However, the period of lithium sensitivity in zebra®sh embryos, as in Xenopus, extends from the 16-cell stage to the mid-blastula transition (Stachel et al., 1993, our unpublished observations) . It is thus possible that although injected at the 32-cell stage, the lithium remains in the embryo, and exerts its dorsalising action at a much later stage.
Although this seems unlikely, given the documented rate of expulsion of lithium (see Ehrlich and Diamond, 1980; Ciapa and Maggio, 1993) , we have tested this hypothesis using GTP-g-S as a probe to test the PI pathway as a marker for lithium retention in the cytoplasm. GTP-g -S is a nonhydrolysable analogue of GTP, which, when injected into cytoplasm, activates the PI pathway through the activation of G protein-linked phospholipase C, leading to the release of calcium from IP 3 -sensitive stores (Cockcroft and Gomperts, 1985; Crossley et al., 1991) . Inhibition of the PI pathway by lithium will override GTP-g -S activation, and prevent calcium from being released into the cytosol (see Berridge et al., 1989 , for a review of lithium and the PI pathway). If lithium is expelled from the cytoplasm relatively rapidly, the lithium block of the GTP-g -S-induced calcium release should be reversed shortly after treatment. If lithium is not expelled from the cytoplasm, but remains within the cells, the GTP-g -S-induced calcium release should still be blocked. Because the K i of lithium inhibition of inositol monophosphate phosphatase is the same as for lithium inhibition of GSK-3b (1±2 mM), and lithium inhibits both enzymes with the same, uncompetitive mode of inhibition (see Klein and Melton, 1996) , any concentration that inhibits GSK-3b , will also inhibit the PI pathway.
Embryos were injected with the calcium-sensitive¯uor-escent dye CalciumGreen dextran at the 1-to 2-cell stage to allow diffusion of the dye throughout the embryo, and at the 16-cell stage incubated in 0.3 M LiCl in embryo medium (EM) for 10 min. Controls were incubated in EM alone. Control and lithium-treated embryos were then injected with 100 mM GTP-g -S to a ®nal concentration of 100 mM, and the intracellular free [Ca 21 ] measured using the calcium indicator dye CalciumGreen dextran and confocal microscopy. In a second set of experiments, embryos were treated with lithium as before, then washed and incubated in EM for 10 min, before injection of GTP-g -S. Fig. 5 shows the percentage increase in¯uorescence intensity that results from the increase in intracellular [Ca 21 ] measured for each experiment. In untreated control embryos, injection of GTPg-S gives an increase of 91:0^13:4%. In lithium-treated embryos injected immediately following lithium treatment, the increase in¯uorescence is signi®cantly decreased, to 35:4^5:9%, illustrating a reduction in PI pathway activity. When GTP-g -S is injected 10 min after lithium is removed, the extent of calcium release is restored to control levels (99:9^22:7%), indicating that the PI pathway is no longer inhibited. These results show that the intracellular concentration of lithium decreases rapidly (within 10 min) after lithium treatment, probably as a result of active expulsion and diffusion into the yolk. Consequently, injection of lithium at the 32-cell stage must inhibit a ventral speci®ca-tion pathway activated at this early stage of development.
Discussion
In this study we show that there is a predictable dorsoventral asymmetry in the cleavage stage zebra®sh embryo. Treatment with lithium at the 16-cell stage dorsalises zebra®sh embryos, suggesting that a dorso-ventral speci®cation pathway may be present at this stage. We ®nd that the Fig. 5 . Embryos were injected with the calcium sensitive dye CalciumGreen dextran at two cells, and subsequently injected with GTP-g -S at 32 cells (see text for details). Control embryos received no other treatment, lithium treated embryos were bathed in 0.3 M LiCl for 10 min before injection with GTP-g -S, while a third group of embryos were treated with lithium as above, then washed in EM for 10 min before injection of GTP-g-S. The increase in¯uorescence intensity resulting from a release of calcium from intracellular stores is shown. Values are the mean of at least three experiments, with the error bars showing the standard error of the mean.
lithium-sensitive dorso-ventral signalling activity de®nes a dorso-ventral asymmetry at the 32-cell stage, that lithiumsensitivity is correlated with a later unequivocal ventral cell fate, and that the orientation of this axis corresponds to the long axis of the early embryo.
Lithium sensitivity is localised in the cleavage stage embryo
The blastoderm of the 32-cell stage zebra®sh embryo is a regular, rectangular 4 £ 8 arrangement of cells, re¯ecting the oval shape of the 1-cell stage embryo, with no extant morphological markers to allow the distinction of one side from the other. Thus in a series of injections, chance determines that in 50% of the injected embryos we will inject one particular cell, while in the remaining 50% of the embryos we will inject this cell's rotationally symmetric counterpart in the opposite half of the embryo. If one half is sensitive to lithium and the other is not, then injection of lithium will dorsalise only 50% of the embryos. This is in agreement with our results. The hypothesis is supported by the ®nding that injection of lithium into corresponding cells in both halves of the embryo along the long axis dorsalises all the injected embryos. These experiments suggest that there is an asymmetry along the long axis of the embryo with respect to lithium-sensitivity. In accordance with this, double injections along the short axis of the embryos does not dorsalise all the embryos, but gives a percentage of dorsalisation indistinguishable from that of single cell lithium injections.
In Xenopus, two third tier cells¯anking the ventral midline have been identi®ed as having a higher sensitivity to lithium than any other cells (Busa and Gimlich, 1989) . We have attempted to make similar comparisons between the blastomeres of the 32-cell stage zebra®sh embryo. We ®nd that the two central non-marginal cells of the 32-cell stage embryo are most sensitive to lithium at 25 mM ®nal concentration. However, certain marginal cells also show signi®cant lithium sensitivity in these experiments. We have observed that the diffusion of a low molecular weight (M r 600)¯uorescent dye from one cell to the next occurs in less than 60 s in the 32-cell stage embryo. The cytoplasmic bridges that link the cells in the early zebra®sh embryo make unequivocal identi®cation of lithium sensitive cells very dif®cult. Our data point towards this further similarity between Xenopus and zebra®sh, though as we have already indicated, the non-marginal cells are also privileged over marginal cells in having twice as many neighbours. The non-marginal cells may appear more sensitive simply because lithium injected into these cells ®nds its way into a greater proportion of blastomeres, raising the possibility that a community effect operates (Gurdon et al., 1993) .
Lithium sensitivity is localised to future ventral cells
Lineage tracing experiments show that lithium sensitivity is correlated to a later ventral cell fate. Injection of two marginal cells (see Fig. 4A ) with lithium and¯uorescein dextran dorsalises 50% of the embryos. In embryos where lithium injection does not interfere with normal dorsoventral axis formation, the large majority of descendants of the injected cells are found in the dorsal half of the embryo at 50% epiboly. As the descendants of injected cells in controls show a 50±50 occurrence between the dorsal half and the ventral half, the data indicate that ventral cells are sensitive to lithium, while dorsal cells are not. It should also be noted, though, that while the injected progeny populated the dorsal-most or ventral-most sector quite reproducibly, some labelling was usually found also in lateral sectors.
The orientation of the dorso-ventral axis
Our results show that the orientation of the dorso-ventral axis in cleavage stage zebra®sh embryos is predictable with respect to the shape of the embryo. Previous studies have looked for a relationship between the dorso-ventral axis and the cleavage planes in the early embryo (Abdelilah et al., 1994; Helde et al., 1994) , and found that the orientation of the dorso-ventral axis is not ®xed with respect to the early cleavage planes when these are marked by¯uorescence lineage tracing. Because the long axis of the 32-cell stage embryo initially coincides with the second cleavage plane, our results may seem to contradict these previous studies.
However, in this study we have not used the cleavage planes as markers for dorso-ventral asymmetry, as these may become obscured by the extensive cell mixing that occurs at later stages. Instead we have used a direct, functional marker for dorso-ventral asymmetry, and coupled this (by co-injection) with lineage tracer experiments. Our results suggest that the orientation of the dorso-ventral axis is predictable with respect to the shape of the cleavage stage embryo, as injection of one cell, at one end of the long axis of the embryo, with lithium invariably leads to 50% of the embryos being dorsalised, while injection at both ends gives 100% dorsalisation and injection at both sides across the short axis, only 50%. The long axis of the embryo thus proves a better marker for dorso-ventral asymmetry than the cleavage planes.
The dorso-ventral axis is present before cell mixing
Because of the high degree of random cell mixing in late blastula zebra®sh embryo, it has been proposed that axis speci®cation may not take place until after this cell mixing is complete (see Driever, 1995, for review) . Our results using GTP-g -S show that lithium must act at the 32-cell stage to interfere with a dorso-ventral speci®cation pathway that is active or activated at that stage. How is this compatible with the random cell mixing event?
One possibility is that the lithium-sensitive axis speci®-cation pathway acts to specify marginal cells, which have been shown to undergo only a limited degree of cell mixing (Helde et al., 1994; Wilson et al., 1995) . Another very attractive hypothesis is that the dorso-ventral determinants may act on the cells that will go on to form the future yolk syncytial layer (YSL). In this way the dorso-ventral pattern can be conserved while cell mixing occurs, while cell fate in migrating cells would be determined only once mixing had ended. This idea is consistent with the localisation of bcatenin to YSL nuclei at the high stage (Schneider et al., 1996) , and the demonstrated role of the yolk in induction and patterning of the mesoderm during the late gastrula stage (Mizuno et al., 1996) . A third possibility, suggested to us by a reviewer of this paper, is that local community effect interactions (Gurdon et al. 1993 ) may maintain an organising centre despite cell mixing: though the members of the community may change with time and the rules of the community be forgotten by the cells that leave, the rules would be immediately adopted by arriving members.
Our results imply that the axis speci®cation mechanism is dynamically maintained throughout early development. We have shown that lithium levels fall rapidly after lithium removal. The underlying dorso-ventral asymmetry can therefore be perturbed irreversibly by transient lithium treatment as early as the 16-cell stage and as late as the midblastula transition.
A functional assay for dorso-ventral axis speci®cation in cleavage stage zebra®sh embryos
Lithium has been shown to inhibit inositol monophosphate phosphatase, an enzyme involved in the phosphoinositol pathway (see Berridge et al., 1989 , for review). Lithium also mimics Wnt signalling in that it inhibits glycogen synthase kinase (GSK)-3b (Klein and Melton, 1996; Stambolic et al., 1996) . Both these pathways have been implicated in dorso-ventral axis speci®cation in Xenopus (Busa and Gimlich, 1989; Ault et al., 1996; Kume et al., 1997; see also Moon and Kimelman, 1998) . The Wnt signalling pathway has been extensively studied, whereas very little is known about the role of the phosphoinositol pathway in dorso-ventral axis speci®cation. Interestingly, recent studies have indicated a correlation between these two pathways (Slusarski et al., 1997a,b) .
The ®ndings from this study offer the basis of a functional assay for the study of axis speci®cation in zebra®sh, in that we have shown that there is a predictable dorso-ventral asymmetry in the cleavage stage embryo. These ®ndings may thus facilitate further work on dorso-ventral axis speci®cation in the zebra®sh.
Experimental procedures
Embryos and injections
Wild type and leopard/golden/albino mutant zebra®sh (Danio rerio) were kept as described before (Wester®eld, 1994) . Embryos were collected from natural spawnings, dechlorinated in embryo medium (EM; Wester®eld, 1994) , and embedded in 5% methyl cellulose in EM for injection, with cells to be injected facing upwards. Chemicals to be injected were dissolved in 0.2 M KCl, and when the substance was colourless, mixed with 5 mM¯uorescein dextran to aid in visualisation of injection. We injected 10% of cell volume, as judged by estimation of the transient displacement of the cytoplasm by the injected solution. This method is routinely used in our laboratory, and has previously been shown to be an accurate measure of injection volume (Crossley, 1990) . Injected embryos were incubated at 28 o C until 50% epiboly, and ®xed in 4% paraformaldehyde in PBS (pH 7.4).
In situ hybridisation
The Bluescript SK plasmid containing the zebra®sh goosecoid (gsc) gene was a gift from Stefan SchulteMerker. Digoxygenin-labelled probes were synthesised by in vitro transcription using T7 RNA polymerase and a nucleotide mix containing digoxygenin-labelled UTP (Boehringer Mannheim). We have used the protocol of Xu et al. (1994) , with slight modi®cations. We have not treated embryos with proteinase K, as this treatment makes embryos very fragile, and is not necessary in early stage embryos. Preincubation times, with hybridisation mix and with PBT, 2% sheep serum and 2 mg/ml BSA prior to antibody incubation were extended to 12±14 h to decrease nonspeci®c staining. Embryos were mounted in glycerol and photographed using an Axiophot microscope.
Confocal microscopy
Embryos were injected with CalciumGreen dextran (M r 10 000, Molecular Probes) at the 1-to 2-cell stage to a ®nal concentration of 20 mM. At the 16-cell stage, embryos were transferred to a new microinjection chamber containing 5% methyl cellulose, and oriented so that the cell to be scanned was facing downwards. One cell was injected with 100 mM GTP-g -S, and scanned using a Leica scanning laser confocal microscope (Leica Lasertechnik GmbH, Heidelberg, Germany), with excitation at 488 nm, and emission at 530 nm. Images were collected at 5±10 s intervals, and analysed using morphometric software (Scanware 5.1, Leica).
